Adjuvants are commonly used in vaccines to augment immune response, but how the inflammatory cytokines elicited by adjuvants directly influence effector and memory CD8 T cell differentiation remains poorly characterized. Here, we used a peptide-pulsed dendritic cell (DC) vaccination model to examine the role of primary cytokines, IL-12 and IFNγ, elicited by CpG-B adjuvant on CD8 T cell priming and memory CD8 T cell development. During DC vaccination, simultaneous exposure to antigen and a heterologous Listeria infection, CpG-B or IL-12 enhanced a portion of the effector CD8 T cells to expand and differentiate to a larger extent. Simultaneously, this also decreased their ability to become long-lived memory CD8 T cells. However, development of memory CD8 T cells and their precursors was largely unaffected by the additional inflammatory cytokines. Moreover, IL-12 production by the antigen-presenting cell (APC) was not required during DC+CpG vaccination or Listeria infection, but rather 'bystander' macrophages and DCs appeared to be the physiologically relevant cellular sources of this cytokine. Furthermore, IFNγ induced by CpG was required in vivo for optimal production of IL-12, which in turn, influenced effector CD8 T cell longevity. Together, these findings demonstrate the importance of an interconnected multicellular network between APCs, naïve T cells and bystander cells of the innate immune system that regulate effector and memory CD8 T cell development during vaccination.
Introduction
Vaccination is the most successful medical intervention against infectious disease [1] . The fundamental goal of vaccines is to generate long-lived memory T and B cells and plasma cells to protect against secondary infection [2] . Some successful Vaccines that have used attenuated live viruses, such as small pox, offer several advantages in that they productively stimulate the innate and the adaptive immune system without causing severe illness due to impaired replication abilities. However, attenuated forms of many pathogens are not available and therefore, a need for devising safe and effective vaccines for several types of infectious diseases exists [3] . Alternative forms of vaccination that deliver antigens via cellular or non-cellular vehicles offer increased safety, but these require accessory adjuvants to activate the innate immune system to enhance costimulation and expression of cytokines that promote activated T cell expansion and differentiation into effector and memory T cells [4, 5] . Details on the cytokines induced by different adjuvants and how they influence effector T cell differentiation and subsequent memory T cell formation require further investigation.
Both the expansion and differentiation of effector CD8 T cells can be influenced by particular inflammatory cytokines present at the time of T cell priming [6] [7] [8] . Most notably, IFNα/β, IFNγ and IL-12 have been shown to regulate effector CD8 T cell expansion [6, [9] [10] [11] . These cytokines are also critical to enhancing the antiviral and cytolytic activity of activated CD8 T cells [9] [10] [11] . However, recent work from several groups showed that IL-12 and IFNγ, also regulate effector CD8 T cell contraction and memory CD8 T cell formation [12] [13] [14] [15] [16] [17] . Our prior work suggests that inflammatory signals help to generate short-lived effector CD8 T cells (SLECs), which develop distinctly from memory precursor effector cells (MPECs) [18] . During acute LCMV and Listeria infections the SLECs and MPECs can be distinguished fairly well based on inverse expression patterns of the receptors KLRG1 (Killer cell lectin-like receptor G1) and IL-7R [13, 15, 18, 19] . For the most part, SLECs are KLRG1 hi IL-7R lo and MPECs are KLRG1 lo IL-7R hi . The majority of SLECs die during the contraction phase and do not proliferate well in response to antigen or the cytokines IL-15 and IL-7 [13, 18, [20] [21] [22] . In contrast, many of MPECs survive and develop into long-lived memory CD8 T cells that can self-renew and respond robustly to secondary infection. Thus, SLECs appear to be a more terminally differentiated effector CD8 T cell population and their formation is promoted by certain inflammatory cytokines including IL-12 and IFNγ [13, 23] . However, the direct role of IL-12 in SLEC formation during CD8 T cell priming in vivo has not been well characterized.
In order to improve vaccine development, many important questions remain to be investigated with regard to how the adaptive immune system incorporates antigenic, costimulatory and inflammatory signals. In particular, how do these signals individually influence whether an effector CD8 T cell becomes short-lived or long-lived? One limitation in previous studies has been the lack of distinction between inflammatory and antigenic and costimulatory signals due to the complex nature of immune responses. In an attempt to simplify this situation, we used a peptide-pulsed DC immunization system to study how antigenic and inflammatory signals are individually or cooperatively involved in effector and memory CD8 differentiation in vivo. In addition, DC vaccination itself is an attractive strategy because it utilizes the optimal antigen presenting cells (APCs) for T cells, and DC vaccination is currently a promising form of immunization for treating cancer. However, the qualitative and quantitative effects of DC vaccination with or without supplementary adjuvants on memory CD8 T cell development remain poorly characterized. Here, we address more precisely how certain adjuvants and the cytokines they produce regulate effector and memory CD8 T cell expansion, differentiation and longevity.
Materials and Methods

Mice
Thy1.1 + P14 TCR tg mice have been described previously [18] . To make "P14 chimeric mice", 1×10 4 Thy1.1 + P14 CD8 T cells were transferred into naïve Thy1.2 + C57BL/6 (B6) mice. B6 mice were purchased from Natl. Cancer Institute (NCI, Charles River) and 
Antibodies and surface and intracellular staining
Lymphocyte isolation, GP [33] [34] [35] [36] [37] [38] [39] [40] [41] peptide stimulations and surface/intracellular staining was performed as described. All antibodies were purchased from E-biosciences (San Diego, CA) except anti-GranzymeB-PE (Caltag, Burlingame, CA) and IL-12p40-PE (Becton-Dickinson (BD) Biosciences, San Jose, CA). Anti-KLRG1 (2F1) hybridoma was a generous gift from Dr. Raulet (University of California, Berkley, CA) and was conjugated to alexa-647 (Invitrogen, Eugene, OR). Mice were immunized with CpG-B 1826 (10μg) or infected with LM (2×10 4 cfu) for 6h or 24h respectively. Splenocytes were harvested and cultured in vitro for 6h and BFA (BD) was added for the last 4h. Splenocytes were stained with different surface lineage makers, fixed, permeabilized and then stained intracellularly for IL-12p40 and IFNγ. All flow cytometry was analyzed on a FACSCalibur (BD) with FloJo software (Treestar, San Carlos, CA).
Generation of bone marrow-derived dendritic cells and DC immunization
Bone marrow-derived CD11c + DCs were generated after 5 days of culture with GM-CSF and matured with LPS (50 ng/ml) overnight as described previously [24] . Matured DCs were pulsed with GP [33] [34] [35] [36] [37] [38] [39] [40] [41] 
ELISA
IL-12p70 and IL-12p40 were measured in mice sera using the OptEIA ELISA sets according to manufacturer's instructions (BD). 
Construction of bone marrow chimeras and LM infection
RESULTS
The impact of the inflammatory milieu on effector CD8 + T cell differentiation during DC immunization
To study the differential effects of antigenic stimulation and inflammation on effector and memory CD8 + T cell differentiation we designed an experimental system using DC immunization, in which exposure to inflammatory signals could be varied while keeping antigenic stimulation relatively constant. To this end, 'P14 chimeric mice' were generated in which a small number (~1×10 [13, 15] (Fig. 1A and B) . Most of these cells appeared as KLRG1 lo IL-7R hi MPECs, and ~60% survived during the contraction phase with ~1×10 5 cells persisting as memory CD8 T cells 45 days later.
When mice were immunized with DC-33+Lm or DC-33+CpG-B, effector CD8 T cell expansion was enhanced 3-4 fold compared to DC-33 alone (Fig. 1C) . These effector T cells produced IFNγ and most were CD62L lo , but many cells also downregulated CD27 considerably and expressed more Granzyme B than those generated by DC-33 alone (Fig. 1B ). When naïve CD8 T cells were primed with DC-33 plus Lm or CpG, at least two primary subsets of effector CD8 T cells could be distinguished based on KLRG1 and IL-7R expression. Similar to that found during acute infections [13] , ~50-80% of the cells were KLRG1 hi IL-7R lo and ~20-30% were KLRG1 lo IL-7R hi (Fig. 1A ). Nearly all of the KLRG1 hi IL-7R lo effector CD8 T cells generated were absent in the memory CD8 T cell population that formed 45 days later, suggesting these cells were short-lived like those found after LCMV and Listeria infection ( Fig. 1A) The same was found in all tissues analyzed too (Supp. Fig. 1 ). Indeed, adoptive transfer of KLRG1 hi IL-7R lo effector cells, formed by DC-33+CpG priming, into naïve mice showed directly that these cells were short-lived because they disappeared within a few weeks after transfer (data not shown). For these reasons these cells will be referred to as SLECs hereafter. The phenotype of the P14 effector and memory CD8 T cells in the spleen was similar to that of the cells in multiple other organs (including blood, liver, lung and lymph nodes), indicating that these phenotypic changes were not specific to the spleen (data not shown). These data confirm the traditional effects of adjuvants in their ability to strongly augment effector CD8 T cell expansion and differentiation (i.e., increase effector cell potential), but illustrate a novel effect that in doing so, also promote terminal differentiation and reduce memory cell potential in this effector cell subset.
Greater numbers of effector CD8 T cells formed with CpG or Lm treatment, but similar numbers of memory CD8 T cells formed as compared to DC-33 alone because the number of MPECs that formed between the groups was comparable ( Fig. 1C and data not shown). It is possible though, that the adjuvants had a qualitative effect on the memory CD8 T cells that formed and may have augmented their ability to fight a second infection. To test this idea, equal numbers (~5×10 4 ) of P14 memory CD8 T cells generated by DC-33 immunization alone or DC-33+CpG were transferred into naïve mice and infected with LCMV-clone 13. As controls, naïve and memory P14 CD8 T cells (generated by an acute infection with Lm expressing GP33-41 (Lm-33)) were also included. On days 5 and 8 p.i., the expansion of the memory CD8 T cells and their ability to control virus was analyzed. The results showed that the responses of the three memory CD8 T cell populations was, surprisingly, similar for both parameters ( Fig. 1D and E). At face value, this suggested that in this experimental setting of DC vaccination the adjuvants primarily had an acute effect, to enhance the number and function of effector CD8 T cells. But, the adjuvants did not increase the quantity or quality of memory CD8 T cells and their precursors.
Antigenic stimulation and inflammation need to be coupled to induce SLEC formation
Because inflammation and antigenic signaling are intertwined during infection, we wanted to test if these signals could operate independently of one another or need to be coupled to influence SLEC formation. We immunized six groups of mice with DC-33 and then each group was treated once with CpG at different times thereafter (Fig. 2) . The first group received DC-33 alone, the second group received DC-33+CpG simultaneously, and the other groups received CpG either 1, 2 or 3 days following DC-33 immunization. Our studies and some others [26] indicated that antigen and the donor DC-33 cells decay within 48-72 hrs after immunization (data not shown). This experiment showed very clearly that as the DC-33 decayed, so did the effects of CpG on effector CD8 T cell differentiation. Exposure of naïve CD8 T cells to CpG at the time of DC-33 immunization or even 24 hrs later was sufficient to induce a large population of SLECs. However, the ability of CpG treatment to induce this population of CD8 T cells decayed rapidly thereafter (Fig. 2) . This was not because the activated CD8 T cells became refractory to the CpG-elicited signals because if the activated CD8 T cells, primed by DC-33 alone at day 0, were restimulated with DC-33+CpG on day 3, then SLECs were generated (Fig. 2, see group 6 ). These results suggested that the activated CD8 T cell needs to see both antigenic stimulation and inflammation simultaneously to receive the proper SLEC differentiation cues. Moreover, this model implies that TCR signaling adds a necessary component to the genetic pathways that guide SLEC development.
IL-12 is sufficient and necessary to induce SLEC formation during DC immunization
What are the necessary signals for inducing a terminally differentiated SLEC state in vivo during vaccination? Lm and CpG-B are potent inducers of IL-12 and IFNγ [27] (data not shown), and previous work showed that IFNγ promotes IL-7R lo effector CD8 T cell development when primed with Lm or CpG-B [12] . Our past studies showed that in vitro stimulation with IL-12 induced formation of KLRG1 hi IL-7R lo effector CD8 T cells [13] . Therefore, to better understand the relationship between IFNγ and IL-12 in MPEC/SLEC fate decisions in vivo we immunized P14 chimeric mice with DC-33 and simultaneously treated with recombinant IL-12, IFNγ or IL-12+IFNγ. A sizable population of SLECs formed when the P14 CD8 T cells were primed with IL-12 or IL-12+IFNγ, however, IFNγ alone did not have this effect (Fig. 3A) . Both IFNγ and IL-12 (alone or in combination) augmented effector CD8 T cell expansion and IL-12 also enhanced Granzyme B expression as previously reported [10, 28] (data not shown). Thus, IFNγ can influence effector CD8 T cell differentiation, but with regard to SLEC development, IL-12 appears to be a direct and more critical factor.
To further test this point, we analyzed the formation of SLECs in CD8 T cells deficient in the receptors for IL-12 or IFNγ during DC-33+CpG vaccination. WT mice containing small numbers of IL-12Rβ2−/− or IFNγR1−/− P14 CD8 T cells were immunized with DC-33+CpG and analyzed seven days later. This experiment showed that both mutant CD8 T cell populations had reduced clonal expansion compared to WT cells, however, SLECs developed in CD8 T cells lacking IFNγR1, but not the IL-12Rβ2 (Fig. 3B) . When combined, these results indicate that IL-12, but not IFNγ, is a primary SLEC inducing signal that acts directly on activated CD8 T cells during DC immunization.
Bystander production of IL-12 is sufficient to induce SLECs during both DC immunization and Listeria infection
IL-12 plays an instructive role in CD4 Th1 development and it is generally thought that, when conjugated via the immunological synapse, the antigen-presenting cell (APC) delivers this lineage-determining cytokine directly to the T cell. To determine if the donor DC directly delivered IL-12 to the CD8 T cells during DC vaccination to drive SLEC formation, we tested the requirement of IL-12 in antigen-presenting DCs using IL-12p35−/− bone marrow derived DCs. P14 chimeric mice were immunized with WT or IL-12p35−/− DC-33+CpG and seven days later we observed that both populations of DCs induced a similar percentage (~30%) of KLRG1 hi IL-7R lo effector CD8 T cells (Fig. 4A ). This result suggested that IL-12 production from the antigen-presenting DC was not required during priming with CpG. Although LPSmatured bone marrow derived DCs can produce IL-12 upon CpG stimulation in vitro (data not shown), SLEC generation seems largely independent of this cell source during DC immunization in vivo.
Next, we tested if the donor DCs were sufficient to induce SLECs by immunizing IL-12p35−/ − mice, containing P14 CD8 T cells, with WT DC-33+CpG. These experiments clearly showed that the donor DC-33 cells were not sufficient to induce SLECs during DC-33+CpG priming, but rather, host-derived IL-12 was required (Fig. 4A ). This result suggested that IL-12 production by "bystander cells" (non-APCs) played a dominant role in the CD8 T cell priming during DC vaccination with adjuvants.
To determine if this bystander effect extends to settings of infection too, we restricted the production of IL-12 to non-APCs during infection with an attenuated form of Lm that produces an abortive infection and expresses the D b -restricted epitope GP [33] [34] [35] [36] [37] [38] [39] [40] [41] . In this infection, similar to the adjuvant CpG, the formation of KLRG1 hi IL-7R lo SLECs was dependent on IL-12 ( (2) animals as expected. Similar with IL-12p35−/− control mice, group (2) mice also had reduced effector CD8 T cell expansion ( Fig. 4B and 4C ). Interestingly, SLEC development was relatively normal in the mice in group (3) (Fig. 4B and 4C ). These data show that bystander cells, which do not form a TCR:Ag immunological synapse with the antigen-specific CD8 T cells, can represent a prominent and physiologically relevant source of IL-12 for CD8 T cells priming during infection.
IFNγ is required for optimal IL-12 production in vivo
Although exogenous IFNγ did not directly induce SLEC formation (Fig. 3 ) it was possible that IFNγ was involved indirectly in this process and this would explain the increase of IL-7R hi effector CD8 T cells found in IFNγ −/− mice infected with Lm [23] .
To explore this we first tested if the antigen-presenting DCs needed to produce or see IFNγ to induce SLECs by immunizing mice with IFNγ −/− or IFNγR1−/− DC-33+CpG, and as predicted from earlier data, this was also not the case (Fig. 5A ). Next, we tested if host cells needed to produce or "see" IFNγ to generate SLECs by immunizing IFNγ −/− and IFNγR1−/− mice, containing small numbers of P14 CD8 T cells, with WT DC-33+CpG, and this showed that SLEC development was dependent on host expression of IFNγ and IFNγR (Fig. 5A ). Together these data suggested that IFNγ was necessary to influence SLEC/MPEC differentiation in vivo, but it acted indirectly on the CD8 T cells in this process.
Next, we investigated if IFNγ and IL-12 act in a parallel or linear fashion in this process. IL-12 is a heterodimeric cytokine, consisting of IL-12p35 and IL-12p40, and the expression of each subunit can be coordinately regulated by different stimuli, one of which is IFNγ. For example, TLR activation triggers IL-12p40 expression, but expression of IL-12p35 often requires a second signal (in the form of IFNγ, IFNα/β or CD40:CD40L) [29] [30] [31] [32] . We considered that in the absence of IFNγ, perhaps, the production of IL-12p70 was suboptimal during DC+CpG priming. To explore this possibility we measured serum levels of IL-12p40 and IL-12p70 in WT, IFNγ −/− and IFNγR1−/− mice 6 hrs after CpG treatment by ELISA (Fig. 5B) . This showed that IL-12p40 was induced in all three groups of animals, but only WT animals produced substantial amounts of IL-12p70 (Fig. 5B ). This finding indicated that during DC +CpG vaccination the production of bioactive IL-12p70 required IFNγ signaling, and explains the impaired SLEC formation in IFNγ −/− and IFNγR−/− hosts (Fig. 5A) .
If IL-12p70 is the primary cytokine lacking in IFNγ −/− mice during DC+CpG vaccination, then one should be able to bypass the need of IFNγ to induce the formation of SLECs in these mice by providing supplemental IL-12p70 during DC-33 immunization. To test this idea, we immunized IFNγ −/− mice with DC-33+IL-12p70 and found this could restore SLEC development (Fig. 5C ). When combined, these data suggest IFNγ and IL-12 act linearly, whereby IFNγ→IL-12p70 →SLECs. However, this model does not exclude that IFNγ can act directly on effector CD8 T cells for other processes such as clonal expansion [11] .
Identification of bystander cells that produce IL-12 and IFNγ
Given the above data, we sought to better characterize the IL-12-and IFNγ-producing "bystander" cell populations during immunizations with Lm and CpG. First, we infected WT, IL-12p40−/− and IFNγ −/− mice with Lm for 24h and stained the splenocytes isolated directly ex vivo for intracellular IL-12p40 and IFNγ. As expected, this showed that the principle producers of IL-12 were macrophages (CD11b + F4/80 + ) and conventional DCs (MHCII + CD11c + ) and these cells comprised ~70% of the total IL-12 producing cells in the spleen at this time (Fig. 6) . Very little to no IL-12 was produced by plasmacytoid DCs, granulocytes/ monocytes, NK cells, T and B cells. When the mice were immunized with DC+CpG the profile of IL-12 producing cells was virtually the same, although the actual numbers of IL-12 producing cells was substantially lower (Fig. 6B ).
The predominant IFNγ producing cells during both Lm infection and CpG immunization were NK cells as they accounted for ~60% of the total IFNγ producing cells (Fig. 6) . Again, the overall number of IFNγ-producing cells was lower with CpG treatment compared to Lm infection. Macrophages were also a significant source of IFNγ after CpG immunization and T cells, cDCs and macrophages represented a small, but detectable, source during Lm infection (Fig. 6B) . Interestingly, the ability of NK cells to produce IFNγ was dependent on IL-12, highlighting a synergistic relationship between the IFNγ and IL-12-producing cells (Fig. 6B) . These results agree with previous descriptions of the innate immune cells that respond early to Lm infection and CpG [33] [34] [35] [36] , and signify the physiologically-relevant "bystander" cell populations that are likely recruited to the sites of CD8 T cell priming to regulate effector CD8 T cell fate decisions in vivo during these types of infections and vaccinations.
Discussion
Inflammatory cytokines elicited by the innate recognition of PAMPs during infection or vaccination are critical for clonal expansion and differentiation of effector T cells, and data is emerging on how they also regulate memory CD8 T cell potential [13, 14, 17, 37] . The aim of this study was to focus on a model PAMP, CpG-B, during DC vaccination to understand how the primary cytokines elicited by this adjuvant, IL-12 and IFNγ, integrate with antigenic stimulation to regulate effector CD8 T cell differentiation in vivo. We found that the presence of a bystander Lm infection, CpG or IL-12 during DC vaccination provided several notable benefits to the host such as formation of significantly larger numbers of effector CD8 T cells with elevated expression of granzyme B, but this was accompanied by an increase in the numbers of terminally differentiated SLECs. However, the number of putative memory cell precursors that developed was comparable between animals treated with or without adjuvants, and likewise, so was the size, form and function of the memory CD8 T cell population (Fig.  1) .
Recent studies have shown that adjuvants such as CpG or bystander Lm infection can slow down the rate at which activated CD8 T cells acquire memory T cell properties [12] . In the absence of inflammation, the activated cells found at peak of expansion already display "mature" memory CD8 T cell properties such as a high proliferative potential and increased expression of IL-7R, CD27 and IL-2 [12, 15] . Inflammation also promoted contraction of the effector CD8 T cells and this was largely dependent on IFNγ [12, 23] . Our studies support and extend from these observations by suggesting that CpG, and in particular IL-12, induce terminally differentiated SLECs to form, which have a reduced proliferative capacity and decreased expression of IL-7R, CD27 and IL-2 [12, 13] . In the absence of IL-12 (and possibly other signals) fewer terminally differentiated effector CD8 T cells form and the effector cells are more similar to a mature memory T cells [16, 17] . Because these inflammatory cytokines seem to act as a double-edged sword with both positive and negative effects on effector and memory CD8 T cell differentiation, it will be interesting to dissect the genetic pathways controlling these key processes. In the future, one may be able to maximize expansion, but limit terminal differentiation to create stronger and longer-lasting immunity.
This study better elucidates the complex interaction between IFNγ and IL-12 on effector CD8 T cell differentiation during DC vaccination with CpG. We show here that IL-12, but not IFNγ, can directly instruct effector CD8 T cells to differentiate into SLECs. Furthermore, release and capture of IFNγ by cell types other than the APC was required in vivo for optimal production of IL-12 in CpG treated animals. These results suggested a linear pathway in which IFNγ→IL-12→SLECs during CD8 T cell priming and perhaps, this was best illustrated by rescue of SLEC formation in IFNγ −/− animals treated with recombinant IL-12p70. However, it is well known that IFNγ production is augmented by IL-12 through a positive feedback loop [29, 30] and as seen in our data (Fig. 6 ), so perhaps a more accurate representation of this pathway is IFNγ IL-12→SLECs. It is also important to note that IFNγ can act directly on CD8 T cells during LCMV infection to promote their clonal expansion and formation of memory CD8 T cells [11, 28] . Activated CD8 T cells also reduce their responsiveness to IFNγ by down regulation of IFNγR2 expression shortly after activation [38] . Therefore, IFNγ has multiple effects on effector CD8 T cell differentiation and how this varies according to the nature of the immune response needs to be better examined.
A key element that emerged from these studies was the profound influence of "bystander" cells (non-APCs) on CD8 T cell priming during both DC vaccination and bacterial infection. Our data suggest that these bystander cells are sufficient, and necessary in the case of DC vaccination, for producing IFNγ and IL-12 to alter effector CD8 T cell differentiation. Our characterization of these cells suggested that conventional DCs and macrophages are the primary producers of IL-12 whereas NK cells were the major source of IFNγ. This information presents a novel viewpoint that differs from the traditional view of single APC:T cell conjugates, where the APC supplies both activation and polarization signals to the T cells [39] . Rather, these findings suggest a multicellular model in which NK cells produce IFNγ to augment production of IL-12 by neighboring DCs and macrophages (and vice versa), and then these cells communicate with newly activated T cells to deliver IL-12 and regulate their expansion and effector differentiation. This model does not necessitate that all cell types directly contact each other simultaneously. The critical involvement of bystander NK cells in Th1 and basophils in Th2 CD4 T cell priming have also recently been described 40− [40] In these studies, NK cells and basophils are recruited to the site of T cell priming and supply IFNγ and IL-4/TSLP to instruct Th1 or Th2 development, respectively. These data do not rule out that during infection the APC alone can suffice to provide all three signals, nor do they detract from the exquisite role of the immunological synapse in naïve T cell activation. But, they do offer a new and more complex view on T cell priming that differs from the single APC:T cell conjugate paradigm. These findings become even more relevant when one considers the first encounter(s) of T cells with APCs early during infection because a recent study suggested that an asymmetric separation of daughter cells, during the first T cell division, rendered the daughter cell synapsed with the APC with less memory cell developmental potential [41] . If true, our work would suggest that somehow this proximal cell has a greater advantage to communicate with bystander IL-12 producing cells during T cell priming, perhaps through their rapid up-regulation of IL-12 receptor.
Many approaches have been tested to enhance IL-12 expression in DCs to improve vaccination including treating DCs in culture with cytokine cocktails, CD40 agonist antibody and TLR ligands [42, 43] . However, our work points out that use of in vitro matured BMDCs activated T cells, but did not provide sufficient amounts of IL-12 to affect effector CD8 T cell expansion, differentiation or cell-fate decisions. Rather, neighboring non-APCs provided these instructive signals in response to exogenously provided PAMPs. Perhaps, other types of treatments and/ or DC populations would play a more active role in this process, but using these standard approaches we find the bystander cells are more prominent. Therefore, this point should be taken into consideration when designing DC therapies similar to that used here.
CpG oligodeoxynucleotides are also currently being tested in a variety of human vaccine trials, which have shown to enhance antigen presentation, accelerate antibody production and bias Th1 responses [44] . A recent study comparing TLR9 vs. TLR7/8 agonists during HIV Gag protein vaccination in non-human primates found that the TLR7/8 adjuvant generated a larger proportion of IL-2+ IFNγ+ memory T cells that showed greater recall responses than CpG after the rAD-Gag boost [45] . These findings, coupled with those here, illustrate the need to further investigate how different adjuvants, and the cytokines they produce, affect the development of effector and memory T cells both qualitatively and quantitatively to provide a better framework for designing new vaccines.
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